Dietary factors are believed to modulate arsenic toxicity, potentially influencing risk of arsenical skin lesions. The authors evaluated associations among dietary patterns, arsenic exposure, and skin lesion risk using baseline food frequency questionnaire data collected in the Health Effects of Arsenic Longitudinal Study (HEALS) in Araihazar, Bangladesh (2000Bangladesh ( -2009. They identified dietary patterns and estimated dietary pattern scores using factor analysis. Scores were tested for association with incident skin lesion risk and interaction with water arsenic exposure by using~6 years of follow-up data (814 events among 9,677 individuals) and discrete time hazards models (adjusting for key covariates). The authors identified 3 clear dietary patterns: the ''gourd and root,'' ''vegetable,'' and ''animal protein'' patterns. The gourd and root pattern score was inversely associated with skin lesion risk (P trend ¼ 0.001), with hazard ratios of 0.86, 0.73, and 0.69 for the second, third, and fourth highest quartiles. Furthermore, the association between water arsenic and skin lesion incidence was stronger among participants with low gourd and root scores (multiplicative P interaction < 0.001; additive P interaction ¼ 0.05). The vegetable pattern and animal protein pattern showed similar but weaker associations and interactions. Eating a diet rich in gourds and root vegetables and increasing dietary diversity may reduce arsenical skin lesion risk in Bangladesh.
Initially submitted February 24, 2010 ; accepted for publication September 28, 2010 .
Dietary factors are believed to modulate arsenic toxicity, potentially influencing risk of arsenical skin lesions. The authors evaluated associations among dietary patterns, arsenic exposure, and skin lesion risk using baseline food frequency questionnaire data collected in the Health Effects of Arsenic Longitudinal Study (HEALS) in Araihazar, Bangladesh (2000 Bangladesh ( -2009 . They identified dietary patterns and estimated dietary pattern scores using factor analysis. Scores were tested for association with incident skin lesion risk and interaction with water arsenic exposure by using~6 years of follow-up data (814 events among 9,677 individuals) and discrete time hazards models (adjusting for key covariates). The authors identified 3 clear dietary patterns: the ''gourd and root,'' ''vegetable,'' and ''animal protein'' patterns. The gourd and root pattern score was inversely associated with skin lesion risk (P trend ¼ 0.001), with hazard ratios of 0.86, 0.73, and 0.69 for the second, third, and fourth highest quartiles. Furthermore, the association between water arsenic and skin lesion incidence was stronger among participants with low gourd and root scores (multiplicative P interaction < 0.001; additive P interaction ¼ 0.05). The vegetable pattern and animal protein pattern showed similar but weaker associations and interactions. Eating a diet rich in gourds and root vegetables and increasing dietary diversity may reduce arsenical skin lesion risk in Bangladesh.
arsenic; Bangladesh; diet; drinking; factor analysis, statistical; malnutrition; skin; water Abbreviations: CI, confidence interval; FFQ, food frequency questionnaire; HEALS, Health Effects of Arsenic Longitudinal Study; HR, hazard ratio; RERI, relative excess risk due to interaction.
It has been estimated that 28%-62% of the~140 million people in Bangladesh drink groundwater that is naturally contaminated with arsenic (1) . Chronic arsenic exposure through drinking water has been associated with increased risk for a wide range of diseases, including cancers of the lung (2), bladder (3), liver (4), skin (5) , and kidney (6, 7) , as well as neurologic (8, 9) and cardiovascular (10) disease. Skin lesions are a classic sign of arsenic toxicity, an indicator of susceptibility to arsenic-related diseases, and a precursor to arsenic-induced skin cancers (5) .
Dietary factors are believed to play a critical role in modulating arsenic toxicity. Several lines of experimental and epidemiologic evidence suggest that micronutrients, such as selenium, vitamin A, iron, folate, and zinc, are involved in host defense against arsenic (11) . However, in observational studies conducted using food frequency questionnaires (FFQs), isolating the effects of individual nutrients is difficult, as human diets are complex, consisting of correlated intakes of many foods and nutrients that potentially interact to influence health outcomes (12) . Measuring dietary patterns, rather than specific nutrients, is a promising method for comprehensively characterizing dietary habits (13, 14) and estimating diet-related disease risks, in part, because broad dietary patterns can account for interactions among nutrients (12) . Such patterns may predict disease more accurately than individual foods or nutrients, eventually contributing to the development of practical dietary guidelines (15) .
The association between dietary patterns and arsenicrelated toxicity has not been examined in Bangladesh (or elsewhere), a developing country where malnutrition (16) may contribute to increased arsenic toxicity (17) . In this study, we prospectively examine the associations among FFQ-derived dietary patterns, arsenic exposure through drinking water, and arsenical skin lesion incidence in a large prospective cohort.
MATERIALS AND METHODS

Study area and study population
The Health Effects of Arsenic Longitudinal Study (HEALS) described by Ahsan et al. (18) is a prospective investigation of health outcomes associated with arsenic exposure through drinking water in a cohort of adults in Araihazar, Bangladesh, a rural area east of the capital city, Dhaka, with relatively homogeneous sociocultural characteristics. Between October 2000 and May 2002, we recruited married individuals (aged 18-75 years) who were residents of the study area for at least 5 years and primarily consumed drinking water from a local well. Using a precohort survey, we enumerated 65,876 individuals residing in Araihazar, from which we identified a sampling frame of 14,828 eligible residents. Of these 14,828 individuals, 2,778 were not at home during any of the 3 attempted recruiting visits. Of the 12,050 remaining eligible residents, 11,746 (97.5% response rate) men and women (4,801 married couples and 2,144 married individuals whose spouses did not participate) were enrolled. All 5,966 wells in the study area were tested for arsenic. At baseline, trained study physicians, blinded to the arsenic measurements, conducted in-person interviews and clinical evaluations and collected spot urine and blood samples from participants in their homes using structured protocols. Similar in-person follow-up interviews were conducted biennially for the entire cohort during the following periods: follow-up 1 during 
Skin lesion status
At baseline and each follow-up interview, a structured protocol was used to ascertain skin lesions by the study physicians, who had undergone training for the detection and diagnosis of skin lesions (19) . Through a whole-body examination, the study physician recorded the presence or absence of melanosis (hyperpigmentation of the skin surface), leukomelanosis (hypopigmentation of the skin surface), and keratosis (thickening of the skin typically on the palms and soles), as well as their location, size, and shape (19) . During the entire follow-up period, 183 incident cases of keratosis and 631 incident cases of melanosis/ leukomelanosis were observed. For the present analysis, skin lesion incidence was defined as a new occurrence of skin lesions of any type (as determined at one of the follow-up interviews) among individuals who previously had no manifestation of any lesion (as determined at baseline and previous follow-up interviews).
Arsenic exposure assessment
Well water arsenic concentrations of all 5,966 wells in the study area were measured by graphite furnace atomic absorption spectrometry, with a detection limit of 5 lg/L. Samples below the limit were reanalyzed by inductively coupled plasma-mass spectrometry, with a detection limit of 0.1 lgL (20) . At baseline, participants identified their primary drinking well, and the arsenic concentration of this well was assigned as their baseline exposure. We were unable to ascertain the well water arsenic concentration for 1 well, resulting in missing data for 3 participants.
Well water arsenic exposure was categorized into quintiles; however, because the first and second quintiles roughly corresponded to the World Health Organization's guideline for arsenic in drinking water (10 lg/L) and the national standard for drinking water in Bangladesh (50 lg/L), respectively, we adjusted the cutpoints to correspond to these regulatory levels.
Dietary pattern assessment
Dietary intakes were assessed by trained interviewers at baseline using a validated semiquantitative 39-item FFQ that was designed for HEALS participants. Focus groups were used to determine the food items to include, and validity was assessed by 7-day food diary data on 189 randomly selected participants (21) . Correlations between food group intakes from FFQs and 7-day food diaries ranged from 0.19 to 0.78 (21) . Total energy, macronutrient, and micronutrient intakes were estimated by using the US Department of Agriculture Nutrient Database for Standard Reference (22) . All nutrients intakes were adjusted for total energy intake by using the residual method (23) .
For each of the 39 food items (measured in g/day), we added 1 g/day (to avoid values of zero) and then log transformed all 39 items to obtain approximate normal distributions. We then applied maximum likelihood factor analysis to all 39 items. Factor analysis is a statistical method that uses many correlated variables to derive a smaller number of unobserved variables or factors that explain a substantial amount of variation in the correlated variables (12, 13, 15) . A varimax rotation was used to obtain normally distributed, uncorrelated factors. Estimated factor scores were computed for each individual as a linear combination of the standardized intake values multiplied by their respective factor loadings (no loadings were set to zero). Factors with an eigenvalue of >1.0 and above the elbow of the scree plot (12) were retained and included in our skin lesion analysis. Dietary pattern analysis was carried out with the FACTOR procedure in SAS, version 9.2, software (SAS Institute, Inc., Cary, North Carolina).
Exclusions and eligibility
The participants included in this analysis are described in Figure 1 . For the dietary pattern analysis, we excluded individuals with incomplete FFQ data (n ¼ 351) or implausible total energy intake values (for females, <500 (n ¼ 7) or >3,500 (n ¼ 82) kcal/day; for males, <800 (n ¼ 16) or >4,000 (n ¼ 120) kcal/day) (23, 24) , resulting in 11,170 eligible individuals. For association analyses, we also excluded individuals who had prevalent skin lesions at baseline or who did not receive skin examinations at baseline or follow-up 1, resulting in an analysis cohort of 9,677 individuals. At each follow-up wave, individuals with incident skin lesions detected at a prior follow-up examination were excluded from the analysis cohort, and individuals who did not receive skin examinations were censored after their prior follow-up examination (which occurred at the prior follow-up interview).
Covariates
All covariate data were derived from the baseline interview. Sociodemographic factors included sex, age (years), formal education (years), land ownership (yes/no), television ownership (yes/no), and smoking (never, former, or current). Trained study physicians measured height and weight 3 times using a locally manufactured tape measure and a Misaki (Japan) scale (calibrated weekly). Body mass index (average weight (kg)/average height (m)
2 ) was calculated. For eligible individuals, there were very few missing data on these covariates (>99.9% complete).
Statistical analysis
Discrete-time hazard models were used to estimate hazard ratios and their 95% confidence intervals for skin lesion incidence (using skin lesion data from all 3 follow-up examinations). These models are based on the probability (i.e., the discrete-time hazard) of skin lesion incidence at each study interval conditional on being skin lesion-free at the previous study interval (25) . The conditional probability was estimated by using a log-linear model with a different intercept for each study interval, but with common regression coefficients across all intervals. The regression coefficients were interpreted as log discrete-time hazard ratios, analogous to log hazard ratios that arise in the traditional continuous-time proportional hazards model (26) . Because the enrollment of participants into the cohort was clustered on household (i.e., married couples) and households were clustered on primary well, robust standard errors (based on well clusters) were used to account for correlation between observations from the same well by estimating models using generalized estimating equations (27) .
Associations for dietary pattern quartiles were adjusted for sex and categorical age groups. Multivariate models included further adjustment for several variables that were selected a priori on the basis of hypothesized associations with dietary factors and/or skin lesion risk: categorical body mass index, smoking status, years of formal education (categorical), land ownership, television ownership, study interval, and total energy intake (categorical quartiles). Tests for trend were obtained by including an ordinal exposure variable in the model.
We also examined how dietary patterns modify the association between arsenic exposure and skin lesion risk. Associations between arsenic quintiles and skin lesion incidence were examined in each of the quartiles of each dietary pattern score. We tested for multiplicative interaction by including the product term of the ordinal arsenic variable and ordinal dietary pattern variable in the discrete time hazard model. Additive interaction was assessed by using the relative excess risk due to interaction (RERI) measure (28) . P values and 95% confidence intervals (bias corrected and accelerated) were determined by using 5,000 bootstrap resamples (29) .
Statistical analyses were performed by using SAS, version 9.2, including the GENMOD procedure, and STATA, version 11, including the bootstrap command (StataCorp LP, College Station, Texas).
RESULTS
Baseline characteristics of the HEALS cohort, according to incident skin lesion status, are presented in Table 1 . Skin lesion risk was higher in males (compared with females) and smokers (compared with nonsmokers). Skin lesion risk also appeared to increase with increasing age, decreasing body mass index, decreasing years of formal education, and increasing well water arsenic concentration.
Factor analysis of the 39 FFQ-derived food items resulted in 3 factors (i.e., patterns) with eigenvalues greater than 1. These patterns were assigned names based on foods that loaded heavily on the factor: the ''gourd and root,'' ''vegetable,'' and ''animal protein'' patterns. These factors had eigenvalues of 5.54, 1.96, and 1.16, respectively. The next 2 largest eigenvalues were 0.61 and 0.59, indicating that the animal protein pattern was just above the elbow of the scree plot (12) , further justifying the use of only the top 3 factors. The variance explained by each factor (after rotation) was 3.18, 3.04, and 2.44, respectively. Factor loadings are shown in Table 2 , representing the correlation between the standardized food items and the unobserved factor. Each factor Table continues score had a mean of zero, a standard deviation of~0.82, and an approximate normal distribution. The distribution of the baseline characteristics according to dietary pattern scores is shown in Table 3 . Higher animal protein scores were strongly associated with indicators of higher socioeconomic status, including body mass index, education, land ownership, and television ownership. Increasing gourd and root scores were associated with female sex and land ownership, while increasing vegetable scores were strongly associated with older age and more years of education.
Factor scores for the gourd and root pattern showed a strong inverse association with skin lesion risk in both the age-and sex-adjusted model and the multivariate-adjusted model (P trend < 0.001) ( Table 4 ). There was a suggestive inverse association with skin lesion risk for the vegetable factor score, but the overall trend was not strong (multivariate-adjusted P trend ¼ 0.22). The number of observed skin lesions increased with increasing animal protein factor scores; however, we observed an inverse association with skin lesion risk in the age-and sex-adjusted model (P trend ¼ 0.002) because the animal protein scores are higher in males, who have higher overall skin lesion risk compared with females. The inverse association was attenuated in the multivariate model (P trend ¼ 0.23). Adjustment for water arsenic exposure did not impact any of the observed associations.
Associations between arsenic exposure and skin lesion risk are presented by dietary pattern score quartiles in Table 5 . The association is weaker in the higher quartiles of the gourd and root pattern factor score (e.g., these associations are much stronger in the first compared with the fourth quartile), and statistical interaction is suggested by the P values for both the multiplicative (P ¼ 0.05) and additive (P ¼ 0.001) interaction estimates (multiplicative interaction hazard ratio (HR) ¼ 0.95, 95% confidence interval (CI): 0.90, 1.00; RERI ¼ À0.06, 95% confidence interval: À0.10, À0.03). A RERI of À0.06 is interpreted as follows: For a 1-unit increase in water arsenic exposure (i.e., a ''unit'' being 1 of the 5 categories) and a 1-unit increase in the gourd and root pattern scores (i.e., a ''unit'' being a quartile), the hazard ratio for skin lesions is 0.06 less than if there were no interaction. For the vegetable pattern, the multiplicative interaction P value was 0.04 (interaction HR ¼ 0.95, For the nutrients that have been previously suggested to play a role in arsenic metabolism/toxicity (riboflavin, pyridoxine, folate, calcium, protein, fiber, cysteine, methionine, cobalamin, iron, zinc, niacin, and vitamins A, C, and E; refer to the Discussion), we tested correlations between the log-transformed energy-adjusted estimates of nutrient intakes and dietary factor scores. Most nutrients showed significant correlations with all 3 scores; the nutrients most correlated with the gourd and vegetable pattern were vitamin C (r ¼ 0.43), vitamin A (r ¼ 0.37), vitamin E (r ¼ 0.34), folate (r ¼ 0.27), calcium (r ¼ 0.25), and fiber (r ¼ 0.25). However, adjusting for these nutrients did not affect our estimates of association or interaction. The associations between micronutrients and skin lesion risk likely will be formally addressed in a future analysis.
DISCUSSION
This is the first study to assess associations among dietary patterns, arsenic exposure, and skin lesion risk. We used factor analysis to derive 3 dietary patterns from FFQ data. An increasing gourd and root factor score showed a clear association with decreasing skin lesion risk. This score also modified the association between water arsenic exposure and skin lesions risk, with decreased arsenic-related risk for individuals with high gourd and root scores. Similar associations and interactions were observed for the vegetable pattern score and the animal protein pattern score, but these associations were not statistically significant.
The motivation for dietary pattern analysis is based on the inherent difficulty of accurately measuring specific nutrients using FFQs and isolating the effects of individual nutrients in the context of a complex diet of correlated foods and nutrients (12, 13, 15) . Using the dietary pattern approach, we did not measure specific nutrients, but rather focused on broad patterns derived from the correlation structure of the FFQ data.
In Bangladesh, the derived dietary pattern scores are likely related to the concepts of ''nutrient intake inadequacy'' (30) and ''dietary diversity'' (31), with low pattern scores reflecting a general micronutrient deficiency. In other words, individuals consuming diets that are primarily rice (i.e., lacking nutrient diversity) will have low factor scores, as steamed rice, the primary source of calories in this population, does not have a strong positive loading on any factor. In contrast, individuals consuming diets rich in many nonrice items will have higher factor scores. The few studies that have examined overall undernutrition and skin lesion risk have used body mass index as a surrogate of undernutrition (rather than measuring the diet itself) and have focused on prevalent rather than incident skin lesions (32, 33) . To our knowledge, there are no prior studies of dietary patterns, arsenic, and skin lesion risk; however, the roles of specific nutrients have been explored. In a cross-sectional analysis of baseline HEALS data, FFQ-derived intakes of several B vitamins (riboflavin, pyridoxine, and folic acid) and antioxidants (vitamins A, C, and E) showed inverse associations with prevalent skin lesions and interactions with arsenic exposure (34) . A case-control study in West Bengal, India, assessed diet by using 24-hour and 1-week recalls and concluded that low intakes of calcium, animal protein, folate, and fiber were associated with increased skin lesion risk (35) . Serum folate has been shown to have an inverse association with skin lesion risk (36) .
Several authors have explored the role of dietary factors in arsenic metabolism (i.e., the conversion of inorganic arsenic to monomethylaronic acid and dimethylarsinic acid), as variation in metabolism may affect arsenic-related health risks. Using HEALS FFQ data, Heck et al. (24, 37) found that high intakes of protein, methionine, and cysteine were associated with increased arsenic excretion (i.e., increased total arsenic in urine) and that high intakes of cysteine, methionine, calcium, protein, and cobalamin were associated with increased urinary concentrations of arsenic metabolites. Data from the United States indicate that individuals with low protein, iron, zinc, and niacin have a higher percentage of urinary monomethylaronic acid (and a lower percentage of dimethylarsinic acid) (38) . Plasma folate was positively associated with the percentage of urinary dimethylarsinic acid and negatively associated with the percentages of urinary monomethylaronic acid and inorganic arsenic in HEALS (39) , suggesting that folate and other factors involved in 1-carbon metabolism influence arsenic metabolism. Accordingly, folate supplementation appears to influence arsenic methylation (40) and lower plasma arsenic concentrations (41) in folate-deficient individuals.
The research described above provides evidence that a wide array of dietary factors may influence arsenic metabolism and/or skin lesion risk. The gourd and root pattern score was correlated with intakes of some of these (refer to Results); however, adjusting for any of these nutrients did not alter our results, suggesting that no single nutrient accounts for the observed association and interaction.
We used 1-df tests for interaction between the ordinal arsenic and dietary pattern variables. For the gourd and root pattern and the animal protein pattern, we observed additive and multiplicative interaction estimates that lead us to similar conclusions regarding ''effect modification'' (i.e., individuals with high gourd and root scores had lower arsenic-related risk, while animal protein scores did not alter risk substantially). In contrast, for the vegetable pattern, we observe multiplicative, but not additive, interaction. However, it is well known that the presence or absence of interaction depends upon the scale used to measure it (42) , so the interpretation of these results depends upon on an understanding of scale dependence for interactions.
In this work, we did not consider how drinking habits affect one's true arsenic exposure. However, in previous Table 3 . analyses (unpublished), we have shown that using exposure measures that incorporate information on daily water consumption (i.e., ''daily arsenic dose''), duration of well use (i.e., ''cumulative arsenic index''), and past water sources (''average daily arsenic dose'') results in associations with skin lesion risk that are nearly identical to those observed for the water arsenic concentration variable. Thus, we only examined well water arsenic in this analysis. This measure is likely to represent long-term chronic arsenic exposure, as all HEALS participants were required to have lived at their current residence for at least 5 years prior to recruitment and consumed water from their current well for at least 3 years (19) . Our reliance on FFQ data is a limitation, as the FFQ is not the ideal method to assess food intakes (43) . However, the FFQ was designed and validated for the HEALS population (21) , and their relatively simple diet resulted in a small number of food items, which did not have to be subjectively combined into fewer categories for analysis purposes. We chose a commonly used analysis method (i.e., maximum likelihood factor analysis with a varimax rotation), although using principal component analysis produced very similar results. The factors were selected according to established criteria (i.e., eigenvalues >1 and the scree plot) (12) . The derived patterns were very similar to those identified in a previous HEALS analysis (44) , despite the fact that the previous analysis had different exclusion criteria, did not log-transform food intakes, and used principal component factor analysis. This gives us confidence that the observed patterns are robust and can be derived using various analytical methods.
Because of the prospective nature of this study, our results are not likely to be affected by recall bias, selection bias, or reverse causality. We attempted to control for confounding by socioeconomic status using 3 related factors: education, land ownership, and television ownership. We were unable to control for physical activity, except through adjustment for body mass index, occupation, and total energy intake.
This study provides additional support for the hypothesis that diet plays a critical role in susceptibility to arsenicrelated toxicity. Although reducing arsenic exposure is the ideal way to reduce skin lesion risk in Bangladesh (45) , eating a diet rich in gourds and root vegetables and increasing dietary diversity may further reduce risk. This work suggests that the effects of diet on skin lesion susceptibility are likely to be complex and may be difficult to assess in observational research when examining one nutrient at a time.
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